Abstract Nano-c-Al 2 O 3 adsorbent was synthesized by the novel sol-gel method. The adsorbent was characterized by transmission electron microscope, Fourier transform infrared and X-ray powder diffraction. The effects of several variables such as, adsorbent weight, pH and contact time on adsorption of chromium (Cr 6? ), nickel (Ni 2? ), cadmium (Cd 2? ) and lead (Pb 2? ) ions were studied in batch experiments. The results showed that the synthesized nano-c-Al 2 O 3 had a good capacity to adsorb Cr and Pb. The kinetic data were described with pseudo-first-and pseudo-second-order models. Three isotherm models, namely Freundlich, Langmuir and Tempkin, were used for analysis of equilibrium data, and results showed that Langmuir and Freundlich models were suitable for describing the equilibrium data of Cr
Introduction
Heavy metal pollution occurs during different industrial activities, and rapid industrialization leads to the increase of heavy metal concentration in the environment (Rahmani et al. 2010) . It can also increase the concentration of heavy metal ions, such as cadmium (Cd), lead (Pb), zinc (Zn), nickel (Ni), copper (Cu) and chromium (VI) in water resources (Aziz et al. 2008) . The toxic nature of heavy metals has caused serious health problems for human, and they can accumulate in the environment (Rahmani et al. 2010 ). In addition, recovery and removal of heavy metals are principal purposes in industry and saving clean water resources (Sharma and Tamar 2008; Neghlani et al. 2011) . Solvent extraction (Resterna et al. 2010) , chemical precipitation (Soylak and Erdogan 2006; Uluozlu et al. 2010) , reverse osmosis and membrane separation (Kornilovich et al. 2000) , ion exchange (Shoushtari et al. 2006) , electrofloatation (Aydin and Soylak 2010) , coagulation (Goncharuk et al. 2001 ) and adsorption process (Zhou et al. 2009 ) are some of the common techniques for the removal of heavy metal ions from aqueous solution. Most of these methods require either high energy or large quantities of chemicals. Adsorption method is very popular due to its simplicity and low cost (Ahn et al. 2009; Gurgel et al. 2009) , and it is known to be more effective and versatile technique for heavy metal removal from aqueous solutions, especially when combined with an appropriate desorption method (Ai et al. 2008) . Certain properties, such as high mechanical and thermal stability and high sorption capacity, should be considered for the adsorbent. For this reason, selection of suitable material as an adsorbent for the removal of heavy metal ions from aqueous solution would be highly important. Some of the adsorbents utilized for this purpose are carbon nanotubes (Ahmedna et al. 2004 ), nano-metal oxides (Mohamed Mahmoud et al. 2013) , nanozeolite composites (Ngomsik et al. 2005) , polymers (Baybaş and Ulusoy 2011) and polymer-metal oxides (Wu et al. 2010a, b) . For example, the maximum adsorption capacities of iron oxide-alumina mixed with nano-composite fiber are found to be 90 % for Hg(II), 65 % for Ni(II), 50 % for Pb(II) and 20 % for Cu(II) (Mahapatra et al. 2013) . In similar studies, the rates of adsorption onto the surface of carbon nanotubes grown on micro sized Al 2 O 3 particles were reported to be 10 and 1.33 mg/L for pb 2? and (Mahapatra et al. 2013) . In another study, adsorption efficiency was obtained to be 5 mg/L for both Cd 2? and Pb 2? (Xiadong et al. 2012 ). According to Hikmet and Turan (2014) , the adsorption rates were found to be 15.8 mg/L for Pb 2? and 10.7 mg/L (Cr 6? ) by using Kuluncak vermiculites. Nano-structured hydrous titanium oxide has been investigated for the removal of Ni from aqueous solutions due to its physical and chemical stability, nontoxicity and high specific surface area; however, in the field of water treatment, its efficiency has not been very high leading to a low desorption rates (Debnah and Ghosh 2009) . Sol-gel method is a fast, simple, reliable, convenient and low-cost technique for synthesis of nano-metal oxides. Nano-metal oxides synthesized by sol-gel technique have high surface area and monotonous particles; these properties make them very reliable with a high efficiency for the removal of heavy metal ions from aqueous solutions (Veriansyah et al. 2011; Sung Lee et al. 2012) . After synthesis of nano-metal oxides by sol-gel technique with high surface area, they have found general application for removing heavy metal ions from aqueous solution. Recently, Al 2 O 3 nanoparticles were synthesized successfully by sol-gel technique (Yoo et al. 2009 ). Most of the studies, for example, on preparing nonporous iron-oxide nanoparticles, have mainly focused on synthesis, structural characterization and morphology (Mallakpoura and Baratia 2011; Wu et al. 2010a, b; Prakash et al. 2004) .
In this study, a new method was applied and an organic compound (1,2-epoxybutane) was used as a precursor for synthesis in gelation process. In comparison with the frequently used sol-gel method, the advantages of this method are uniformity in size and shape of products, process time saving, simplicity of synthesis procedure and high adsorption efficiency of the nano-material. The aim of this study was to use this nano-material for the adsorption of heavy metal ions (Cr, Ni, Cd and Pb) from liquid phase under batch conditions. Structure of the synthesized nanoparticles was characterized using transmission electron microscope (TEM), X-ray diffraction (XRD) and fourier transform infrared (FTIR). Moreover, the effects of pH, contact time and adsorbent weight on adsorption process were investigated along with studying the desorption of heavy metal ions (Cr, Ni, Cd and Pb The synthesis process of nano-c-Al 2 O 3 has been presented schematically (Table 1 ). In the first step, AlCl 3 Á6H 2 O (1.25 g) was dissolved in absolute ethanol (40 mL) in a beaker by using ultrasonic for 20 min to obtain a clear solution (A). In the second step, solution (A) was mixed with 1,2-epoxybutane (5 mL) by using ultrasonic for 20 min to form solution (B). The Epoxide, when mixed with the precursor salt, acts as acid scavenger and apparently consumes protons from the hydrated Al(III) species as explained by Eq. (1):
ð1Þ
During the third step, deionized water was added dropwise to the solution (B) until gel formation was occurred, and water acted as a gelation agent. The reaction is shown by Eq. (2) as follows:
In the forth step, the produced gel was heated (in oven at 80°C) to make change in aerogel mode, and then it was grained to form nano-c-Al 2 O 3 . Finally, the products were heated in a furnace (at 700°C for 5 h) for calcination purposes to activate nanoparticle surfaces. The concentration of heavy metal ions before and after equilibrium sorption was determined using inductivity coupled plasma-atomic emission spectrophotometer (ICP-AES). The uptake percentages of the heavy metal ions were calculated according to Eq. (3):
where, C 0 and C e are initial and equilibrium concentrations of ions (mg/L), respectively.
Results and discussion

Adsorbent characterization by X-ray diffraction
Characterization of crystalline size of the synthesized adsorbent was determined by X-ray powder diffract meter (STV_MP STOE Company, Germany). In this work, Cu radiation (kCu = 1.5405 Å ) was used and the sample was scanned in a 2h range of 8-108.5°at a scanning rate of 0.015°/S. The crystalline size was determined from the characteristic peak at 2h = 67.1667°(corresponding to the 440 plane) using Scherrer formula (Frost et al. 2013) , crystalline size, nm = K k/W cos h, where K is the shape factor = 0.9, k = wavelength of the X-ray used (1.5405) and W = (Wb -Ws, width of peak at half-height at 2h = 33.5833) the difference of broadened profile width of the experimental sample and the standard width of reference Al 2 O 3 sample. The mean crystalline size was obtained to be 11.5 nm. Figure 1 shows the XRD graph.
FT-IR analysis
FT-IR analysis (Vector22 Brucker Company, USA) was performed and is shown by Fig. 2 . All the adsorption bands were at 3,429, 1,829, 1,026, 921, 828 and 515 cm -1 . The strong IR band at 3,429 cm -1 was assigned to the stretching bands of adsorbed water (Kaltchev and Tysoe 1999) . The bands around the peak of 1,629 cm -1 were assigned to Lewis sites, and they were also identified on dehydroxylated alumina (Nero et al. 2010) . Strong band at 1,026 cm -1 was tentatively ascribed to OH --bending vibration of poorly crystalline boehmite (1,000-1,080 cm -1 ) (Wijnja and Schulthess 1999) . The spectra of c-Al 2 O 3 , the region of 1,100-950 cm -1 , were obscured by the relatively strong bayerite band centered at 1,026 cm -1 , and this band was assigned to one of the OHbending (c-OH) vibrations of bayerite (Parida et al. 2009 ). The peaks around 623 cm -1 were assigned to AlO stretching of c-AlO 6 , and the bands Step 1:
(AlCl 3 .6H 2 O+ C 2 H 5 OH) Mixing Solution A
Step 2: (Solution A + 1,2-epoxybutane) Mixing Solution B
Step 3: (Solution B + Dionized water) Mixing Gel formation
Step 4: Drying in oven (above 80°C) for 48 h Aerogel formation
Step 5: Graining Aerogel Formation of Nano γ-Al 2 O 3
Step 6 units were presented around 750-900 cm -1 (Okada et al. 1991; Rodriguez et al. 2013 ).
TEM images
The TEM images (taken by PHILIPS, EM 208) of synthesized nano-Al 2 O 3 are illustrated in Fig. 3 . It can be noticed that the nanoparticles are very aggregate and that they have a mean diameter of about 11.5 nm. In the present context, the discrepancy between the X-ray crystallite size and that measured in the TEM can be interpreted as being due to lattice distortions in the prepared powder. As a result of a sub-structure much smaller than the nano-crystalline, the grain size measured in the TEM is in good agreement with the findings of Chandramouli et al. (1996) .
Surface areas and pore volumes
Brunauer-Emmett-Teller (BET) specific surface area was determined through nitrogen adsorption isotherms using Quantachrome NOVA 2200e system. Using the BET method, the surface area of the sample was calculated to be 125.4 m 2 /g. Also, the pore size distribution attained by Barrett-Joyner-Halenda (BJH method revealed the mesoporosity. The pore size obtained by this method was 8.92 nm.
Adsorption properties of c-Al 2 O 3
Effect of pH
Optimizing the initial pH value of the adsorption is an important parameter that seeks to obtain high adsorption capacity. The effect of pH on the adsorption of heavy metal ions is shown in Fig. 4 . The pH range for this study was selected to be 3-6.5 based on previous studies (Asencios and S-Kou 2012; Sen and Sarzali 2008) . A very low adsorption rate was observed at the pH below 3 (Mahapatra et al. 2013) . At low pH values, the sorbent surface would be closely associated with H 3 O ? which binds the access of metal ions to the surface of adsorbent. At pH levels of 3 (Cr) and 5 (Ni, Cd and Pb), the amount of heavy metal ion sorption onto the adsorbent (nano-structure of Al 2 O 3 ) increased with the increase of pH because the competition Technol. (2015 Technol. ( ) 12:2003 Technol. ( -2014 Technol. ( 2007 between hydrogen ion and metal ions decreased. The adsorption capacity of Ni, Cd and Pb ions reached a maximum with the pH of 5.0; however, the maximum adsorption capacity of Cr ions was obtained at pH of 3.0.
The maximum adsorption for Cr 6? ions was obtained at pH = 3 (95 %). As can be seen in Fig. 4 
Effect of time contact
The effect of time on the adsorption of ions by nanostructured c-Al 2 O 3 was studied. Adsorption of Cr 6? , Ni 2? , Cd 2? and Pb 2? ions from aqueous solutions, which was adjusted to the nano-structured c-Al 2 O 3 (0.15 g) at optimum pHs, was studied at different shaking times in the range of 10-240 min (Fig. 5) . The removal efficiency of all ions reached the maximum value after 4 h. This could be due to the fact that initially all adsorbent sites were vacant and the solute concentration gradient was high. Therefore, based on the results, a contact time of 4 h was selected in subsequent studies. The results indicated that within 4 h of shaking, Cr 6? ions were totally removed from aqueous solution. In similar experimental conditions, 75 % of Pb 2?
ions were removed.
Effect of amount of adsorbent
The effect of adsorbent amount on adsorption rate was examined by a series of experiments performed by using different amounts of synthesized c-Al 2 O 3 (0.05, 0.1, 0.15 and 0.2 g) (Fig. 6) . The maximum uptakes attained after using 0.2 g of adsorbent were 99.99 % for Cr 3? and 80 % for Pb 2? .
High adsorption efficiency
The results showed the high adsorption efficiency of synthesized nano-c-Al 2 O 3 for Cr 3? and Pb 2? . It could be related to the uniformity of size and shapes of nanoparticles as a result of applying a novel synthesis technique.
Desorption studies
The aqueous solutions (50 mL) containing the studied heavy metal ions (20 mg/L) under the optimum experimental condition were magnetically stirred with 0.15 g of the adsorbent for 240 min at 25°C. Then, desorption studies were carried out using 50 mL of 1 M HNO 3 during 1-h mixing. It was found that the adsorbed ions could be (Table 2) . Finally, desorption of heavy metal ions from the surface of adsorbent was done, and the results showed the high efficiency of desorption rate.
Kinetic study Figure 5 indicates ions adsorption from aqueous solutions on the c-Al 2 O 3 nanoparticles were modeled using pseudo-first-and pseudosecond-order kinetic models. In order to investigate the accuracy of these models in predicting the Cr 6? , Pb 2? , Cd
and Ni 2? ions' adsorption behavior, the correlation coefficient (R) of each model, which is an important factor, was used. The success of the models in predicting the kinetics of adsorbate sorption is described by a relatively high R value (Nilchi et al. 2012) . The rate constant of each metal ion removal from the solution by nano-c-Al 2 O 3 was also determined using pseudo-first-order and pseudo-second-order rate models. The Lagergren's pseudo-first-order expression is given by Eq. (4) (Langmuir 1916) :
where q e and q t are the amounts of metals adsorbed on the sorbent (mg/g) at equilibrium and at time t, respectively, and k 1 is the rate constant of the first-order adsorption (min -1 ). The straight line plots of (q e -q t ) against t were used to determine the rate constant, k 1 and correlation coefficient; R 2 values of the metals were calculated from these plots. The calculated correlation coefficient for pseudo-first-order and the values of constants are shown in Table 3 . The pseudo-second-order rate model is expressed by Eq. (5) (Aksu 2002) :
where K 2 is the rate constant of adsorption (g/mg/min), q e is the amount adsorbed at equilibrium, and q t is the amount adsorbed at any time. The equilibrium adsorption amount (q e ) and the pseudo-second-order rate parameters (K 2 ) can be calculated from the slope and intercept of t/q t plotted versus t. The values of constants and calculated correlation coefficients for pseudo-second-order are presented in Table 3 .
In adsorption of Cr 6? , Pb 2? and Ni 2? ions, correlation coefficient for the pseudo-second-order equation was larger than that of the pseudo-first-order equation, indicating that Cr 6? , Pb 2? and Ni 2? ions adsorption onto the synthesized cAl 2 O 3 nanoparticles follows the pseudo-second-order kinetic model. It was observed that the predicted q e value for the pseudo-second-order model agreed well with the experimental value. Adsorption of Cd 2? ions onto adsorbent particles followed the pseudo-first-order kinetic model, implying that the predicted q e value for the pseudo-firstorder model agreed well with the experimental value. Therefore, the pseudo-second-order kinetic model was more suitable for predicting the kinetic sorption process of Cr 6? , Pb 2? and Ni 2? ions, whereas pseudo-first-order kinetic model was competent for predicting the kinetic sorption process of Cd 2? onto the synthesized c-Al 2 O 3 nanoparticles (Table 3 ). The best-fitted plots are illustrated in Fig. 7 .
Adsorption isotherms
Adsorption equilibrium is usually described by an isotherm equation whose parameters express the surface properties and affinity of the sorbent at a fixed temperature and pH. An adsorption isotherm describes the relationship between the amount of adsorbate on the adsorbent and the concentration of dissolved adsorbate in the liquid at equilibrium. In this concern, the adsorption isotherms for the removal of Cr 6? , Ni 2? , Cd 2? and Pb 2? ions from aqueous solutions onto synthesized nano-c-Al 2 O 3 were determined. Figure 8 shows, as a sample, the experimental and isotherm data fitted by Langmuir and Freundlich isotherm models at 298 K.
Langmuir isotherm model
Langmuir sorption isotherm models the monolayer coverage of the sorption surfaces and assumes that sorption 
where q max is the maximum sorption capacity (mg/g), and b is a constant related to binding energy of the sorption system (l/mg). The graphic presentations of (C e /q e ) versus C e give straight lines that the numerical value of constants q max and b evaluated form the slope and intercept of plots (Table 4) .
Freundlich isotherm
Freundlich equation is derived to model the multilayer sorption and for the sorption on heterogeneous surfaces. The logarithmic form of Freundlich equation can be described by Eq. (7) (El-Kamash 2008):
where K f is a constant indicative of the relative sorption capacity of nano-c-Al 2 O 3 (mg/g), and 1/n is a constant indicative of the intensity of sorption process. The numerical values of the constants 1/n and K f are computed from the slope and the intercepts of log q e versus log C e curve. The correlation coefficient and other parameters obtained for the adsorbent are given in Table 4 .
Tempkin isotherm
The Temkin equation is explained by Eq. (8) (El-Kamash 2008) :
where R is the gas constant (0.0083 kJ/K mol), T is the absolute temperature (K), b is the Temkin constant related to the heat of sorption (kJ/mol), and a is the Temkin isotherm constant (L/g). Drawing q e versus ln (C e ) allows for evaluating a, b and the corresponding R 2 of the results (Table 4) . Table 4 results in selecting the appropriate adsorption isotherm model describing the adsorption process of the studied ion by nano-c-Al 2 O 3 . R 2 value close to 1 is indicative of the suitability of this model for describing the experimental data (Shiri-Yekta et al. 2013 ). This comparison reveals that the adsorption process isotherms of Cr 6? (R 2 = 0.99), Pb 2? (R 2 = 0.97) and Ni 2? (R 2 = 0.79) ions can be more suitably described by the Langmuir and Cd 2? (R 2 = 0.82) ions to be described by Freundlich model (Fig. 8) The Langmuir isotherm well fitted to the experimental data, seemingly due to the homogeneous distribution of active sites on nano-structure of Al 2 O 3 adsorbent. Based on Technol. (2015 Technol. ( ) 12:2003 Technol. ( -2014 Technol. ( 2011 Langmuir model assumptions, adsorption energies are uniform and independent of surface coverage, and complete coverage of the surface by a monolayer of adsorbate indicates maximum adsorption. The Freundlich well fitted to the experimental data, seemingly due to the heterogeneous distribution of active sites on nano-structure of Al 2 O 3 adsorbent. Based on Freundlich assumption, adsorbing surface is energetically heterogeneous, consisting of adsorption sites of differing energies.
Conclusion
The experimental results indicate that nano-structured cAl 2 O 3 synthesized by sol-gel method can be an effective adsorbent for the adsorption of Cr 6? and Pb 2? in comparison with Cd 2? and Ni 2? ions from aqueous solutions under optimized conditions of pH (3 and 5 for Cr(VI) and Pb(II), respectively), adsorbent weight (3 g/L), contact time (4 h) and in room temperature (25°C). All kinetic results suggest that sorption of Cr, Ni and Pb by nanostructured c-Al 2 O 3 followed the second-order kinetics model and that sorption of Cd by adsorbent followed the first-order kinetics model relying on an assumption that sorption might be a rate-limiting step involving valence forces through sharing or exchange of electrons between adsorbent and sorbent. The adsorption isotherms for Cr, Ni and Pb well fitted to the Langmuir adsorption isotherm equations, while the adsorption isotherms for Cd well fitted to the Freundlich adsorption isotherm equations. The maximum capacities of adsorbent were 13.3 mg/g for Cr 6? , 0.33 mg/g for Ni 2? , 1.1 mg/g for Cd 2? and 6 mg/g for Pb 2? , respectively. Comparing this work with similar projects shows that heavy metal ion (Cr and Pb) removal by synthesized nano-Al 2 O 3 is very high and that the synthesized adsorbent would be reusable with high efficiency after desorption process. The nano-structure of c-Al 2 O 3 exhibited a good capability to be used in water and wastewater treatment for removal of Cr and Pb.
